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Nongenomic effects of aldosterone on Ca21 in M-1 cortical ber of mechanisms, which target all of the component
collecting duct cells. membrane transport steps: apical Na1 channel, basolat-
Background. Aldosterone at physiological levels induces eral Na1/K1 pump, and K1 channels [1]. These effectsrapid (,5 min) increases in intracellular protein kinase C
are considered to be latent (onset 1 to 2 h) and involve(PKC) activity and a rise in calcium and pH in mineralocorti-
binding to an intracellular type I mineralocorticoid re-coid hormone target epithelia, such as distal colon and sweat
gland. The end targets of these rapid responses in epithelia ceptor with subsequent induction of protein synthesis.
are Na1/H1 exchange and K1 channels. The recently discovered nongenomic mechanism for
Methods. The mouse cortical collecting duct (CCD) M-1 aldosterone action has created much interest. This re-cell line was grown to confluency and loaded with Fura-2 for
sponse contrasts greatly in its time course (seconds tospectrofluorescence measurements of intracellular free calcium
minutes) and signaling mechanisms to that of the geno-at 378C bathed in Krebs solution.
Results. Aldosterone (1 nmol/L) produced a rapid, transient mic regulation of epithelial transport, which occurs over
peak increase in [Ca21]i in M-1 cells. This effect was abolished a period of hours to days. The nongenomic response has
upon removal of extracellular Ca21, but was unaffected by pre-
been identified in classic aldosterone-responsive epithe-treatment with spironolactone (10 mmol/L) or actinomycin D
lia such as distal colon [2], sweat gland [3], and amphibian(10 mmol/L). However, pretreatment with the specific PKC
inhibitor chelerythrine chloride (1 mmol/L) prevented the aldo- skin [4, 5].
sterone-induced rise in [Ca21]i. Dexamethasone, at a concentra- Although the aldosterone signal transduction path-
tion 10,000-fold higher than aldosterone (10 mmol/L), also pro- ways (genomic and nongenomic) are vague, paradoxi-
duced a transient increase in [Ca21]i, but this response was cally, our knowledge of fast aldosterone signaling in non-significantly smaller than that of aldosterone. In contrast, hydro-
renal cells is at a relatively advanced level [6]. Multiplecortisone had no effect on [Ca21]i at either nmol/L or mmol/L
concentrations. Both of the sex steroids, 17b-estradiol (10 intracellular signaling pathways for aldosterone exist in
nmol/L) and progesterone (10 nmol/L), induced protein kinase vascular smooth muscle cells, endothelial cells, and leu-
C-dependent increases in [Ca21]i. kocytes, which involve Ca21, protein kinase C (PKC),Conclusions. Aldosterone and sex steroid hormones acti-
and inositol triphosphate (IP3) [7, 8]. The receptors andvate intracellular calcium signaling in CCD cells via a nongeno-
transport targets may also be multiple, some involvingmic PKC-dependent pathway, which may have important im-
plications for renal transport. IP3 and Na1/H1 exchange. Aldosterone may bind to a
specific receptor located close to or on the cell membrane
[9, 10], but this novel receptor remains as yet unidentified.
The mineralocorticoid hormone aldosterone plays an In aldosterone-responsive epithelia such as human and
important role in body fluid, electrolyte, and pH homeo- rat distal colon, aldosterone has recently been shown to
stasis. Congenital hyposecretion of aldosterone is incom- act via a mechanism that does not require activation
patible with life, while hypersecretion is associated with of the mineralocorticoid type I receptor (MR) and to
hypertension, hypokalemia, and alkalosis. Abnormalities activate intracellular signaling pathways such as those
of the renin-angiotensin-aldosterone system are associ- involving calcium [11] and PKC [12, 13]. The end target
ated with hypertension and cardiac failure. of the nongenomic effects of aldosterone in the distal
The distal nephron is an important target site for aldo- colon is basolateral membrane ion transporters, particu-
sterone. In the cortical collecting duct (CCD), aldoste- larly Na1/H1 exchange [14, 15] and K1 channels [2]. The
rone promotes electrogenic salt reabsorption by a num- physiological response is to shift the balance toward net
absorption in a pluripotential epithelium by stimulating
a class of K-ATP channels involved in sodium absorptionKey words: Sex steroids, nongenomic pathway, M-1 cells, CCD cells,
calcium signaling, protein kinase C, renal transport. while inhibiting the activity of calcium-dependent K1
channels necessary for chloride secretion [2, 14, 16].Ó 2000 by the International Society of Nephrology
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In this study, we report a novel, nonclassic pathway [strain Tg(SV40E)Bri7]. M-1 cells were grown in mono-
layers on permeable supports, and exhibited a high trans-for aldosterone action in the mouse CCD principal cell
epithelial resistance and developed a lumen negativeline, which does not express the MR receptor. Aldoste-
potential difference. The associated short-circuit currentrone, at physiologic concentrations, induced a transient
(Isc) was amiloride sensitive. Cultured cells respondedrise in intracellular calcium after a latent period of one
to AVP with a significant increase in Isc. The M-1 cellto two minutes. This response appears to be specific for
line displays the properties of the native tissue. makingmineralocorticoids, since the glucocorticoid hormone
it a useful model to study CCD function. Moreover, M-1dexamethasone required a 10,000-fold higher concentra-
cells, like amphibian A6 cells, do not express a functionaltion than that of aldosterone to achieve a similar re-
mineralocorticoid receptor, making them an ideal modelsponse. Hydrocortisone, which also acts on the MR, did
to explore nonclassic, nongenomic rapid responses tonot produce a significant increase in intracellular calcium.
physiological concentrations of aldosterone, which doThe response to aldosterone does not require the in-
not activate the glucocorticoid receptor.duction of new protein synthesis, as is observed in the
The cells were grown in 25 or 75 cm2 polystyrene culturegenomic pathway, because it is unaffected by preincuba-
flasks (Gruinn Technology, Dublin, Ireland) containingtion with actinomycin D, an inhibitor of transcription
a 1:1 mixture of Ham’s F-12 medium and Dulbecco’sprocesses. In turn, the addition of the specific type I
modified Eagles medium (Flow Laboratories, Irvine, Scot-mineralocorticoid receptor antagonist, spironolactone,
land, UK) containing 5 mmol/L dexamethasone (95%)did not affect the rise in intracellular calcium, suggesting
and fetal bovine serum (5%). This medium also containedthe involvement of an unidentified receptor molecule.
1% HEPES and 0.5% penicillin/streptomycin and wasPKC plays a pivotal role in the activation of this calcium
maintained at pH 7.4. Cells were equilibrated with 5%signaling pathway, in turn affecting basolateral Na1/H1
CO2/95% O2 and kept at 378C. Fluid was renewed twoexchange. Preincubation of M-1 cells with the specific
to three times weekly. Subconfluent cultures were sub-protein kinase inhibitor chelerythrine chloride com-
cultured by rinsing with 0.25% trypsin-0.03% ethylenedi-pletely abolished the response to aldosterone. This cal-
aminetetraacetic acid (EDTA) solution. Most of thecium response may be induced by activation of a PKC-
trypsin solution was removed, and cells were incubatedlinked, aldosterone-specific receptor or a PKC-depen-
at 378C for 15 to 20 minutes until cells detached. Thedent calcium entry pathway.
cell suspension was centrifuged at 1500 r.p.m. for 10Finally, in agreement with the recently acknowledged
minutes, and the supernatant was carefully removed.role of sex steroids on salt and water reabsorption and
Three to 4 mL of fresh medium were added and aspi-their possible nongenomic mechanism of action, we ex-
rated, and cells were dispensed into new flasks. The sub-
amined the effects of both estradiol and progesterone on cultivation ratio was 1:3 to 1:4.
intracellular calcium in M-1 cells. Both of these steroids Following aspiration of the supernatant, the cell pellet
produced significant increases in intracellular calcium was resuspended at approximately 2 3 106 cells per mL
concentrations. In the absence of extracellular calcium, of freezing medium containing 95% culture medium and
the responses to both estradiol and progesterone were 5% dimethyl sulfoxide (DMSO). One milliliter of the
abolished, indicating a requirement for calcium entry in suspension was added per freezing vial. Vials were placed
these responses. Preincubation with the protein kinase in storage and lowered into liquid nitrogen over a three-
inhibitors, chelerythrine chloride and bisindolylylmalei- hour period to achieve a gradual freezing process. To
mide, completely inhibited the calcium responses, impli- revive cells from prolonged storage, the cells were thawed
cating PKC as a mediator in the nongenomic effects of rapidly in a waterbath at 378C. The cell suspension was
sex steroid hormones in the CCD. centrifuged at 1500 r.p.m. for 10 minutes, and the super-
Since the effects of aldosterone and the sex steroids natant was removed. The cell pellets were resuspended
on a major intracellular regulator of CCD ion transport with 1 mL of culture medium and transferred to culture
are apparent at physiological concentrations of these flasks. Fresh culture medium was added, and flasks were
hormones, these nongenomic responses have important incubated at 378C. The cells studied experimentally were
implications for the reassessment of steroid hormonal grown to confluent monolayers with typical dome forma-
regulation of renal transport. tion. Experiments were performed on single isolated
cells or on monolayers, between passages 15 and 30. M-1
cell monolayers were bathed in normal Krebs solutionMETHODS
of composition (in mmol/L): NaCl 140, KCl 5, CaCl2 1,Tissue culture MgCl2 1, glucose 5, HEPES 10, at a pH 7.4.
M-1 cells were purchased from the American Type
Spectrofluorescence imagingCulture Collection (ATCC No. CRL-2038; Batch F-11321).
The M-1 cell line is derived from CCD microdissected Intracellular calcium activity was measured in M-1
cells loaded with Fura-2 using a spectrofluorescencefrom a mouse transgenic for the early region of SV40
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video microscopy (Imstar, Paris, France) as described was present in the luminal bathing solution. Removal of
calcium from the basolateral side alone did not affectin detail previously [11]. The equation that relates the
measured Ca21-bound/Ca21-free fluorescence ratio (R) [Ca21]i over this time period.
The influence of intracellular calcium stores on [Ca21]i,to [Ca21]i is as follows:
was examined using the endoplasmic Ca21-ATPase in-
[Ca21]i 5 Kd 3 (R 2 Rmin)/(Rmax 2 R) 3 Sf2/Sb2 hibitors thapsigargin (TG) and 2,5-di-(tert-butyl)-1,4-
benzohydroquinone (TBQ). The addition of TG, at awhere Kd is the product of the dissociation constant of
the Ca21:Fura-2 complex and a constant related to the concentration of 1 mmol/L, resulted in a significant in-
crease in [Ca21]i from 110 6 22 to 388 6 31 nmol/L,optical characteristics of the system; R is the ratio F340/
F380 of the fluorescence signals measured at 340 nm and representing a change in [Ca21]i of 290 6 46 nmol/L (N 5
9, P , 0.0001). Surprisingly, the addition of TBQ, at380 nm; Rmin and Rmax are the limiting values of R in the
presence of zero and saturating Ca21 concentrations; and a concentration of 1 mmol/L, failed to increase [Ca21]i
significantly, which showed an apparent change from 70 6Sf2/Sb2 is the ratio of fluorescence values for Ca21-
bound/Ca21-free indicator measured at the wavelengths 16 to 83 6 19 nmol/L, D[Ca21]i 5 14 6 5 nmol/L (N 5
10, P 5 0.59). These data indicate that calcium can beused to monitor the Ca21-free indicator (the denomina-
tor wavelength of R). Intracellular Fura-2 signals were mobilized from IP3-sensitive calcium pools in M-1 cells;
however, the less selective Ca21-pump antagonist TBQcalibrated after each experimental protocol by imaging
cells loaded with the ester derivative of the probe under does not appear to affect calcium mobilization from this
pool over a range of concentrations.permeabilized conditions (exposure to 2 mmol/L iono-
mycin). Rmax was measured at an external concentration Effects of Na1 transport inhibition on [Ca21]i. The
effect of sodium transport inhibitors on intracellular cal-of 10 mmol/L CaCl2 and Rmin in calcium-free solutions
buffered in 2 mmol/L EGTA. cium was tested in polarized M-1 cell monolayers. The
removal of extracellular sodium on the basolateral side
Drugs produced a rapid increase in calcium (from 230 6 20 to
780 6 80 nmol/L, N 5 6). This effect may be due to aAll drugs used in experiments were purchased from
Sigma Chemical Co. Ltd. (Fancy Road, Poole, Dorset, reversal of the Na1/Ca21 exchange. The inhibition of
Na1/K1-ATPase pump with ouabain failed to produceUK). In all cases, stock solutions were made up in Krebs
solution when water soluble. Otherwise, stock solutions any change in intracellular calcium, indicating that small
changes in the transmembrane Na1 gradient arising fromwere prepared in an methanol or DMSO, and serial
dilutions were made such that the final concentrations pump inhibition are insufficient to influence the activity
of sodium-coupled calcium transporters.of methanol or DMSO were less than 0.1% without any
significant effect on results. The addition of amiloride (1 mmol/L) to the apical side
of an M-1 cell confluent monolayer produced a sustained
Data analysis decrease in intracellular calcium (from 210 6 30 to 75 6
18 nmol/L, N 5 6). A possible mechanism for this effectAll data values are expressed as mean 6 SEM. A
minimum of six experiments was performed for each is an increase in basolateral Na1/Ca21 exchange activity
following a reduction in intracellular sodium arising fromexperimental protocol. In experiments in which inhibi-
tion of a particular pathway was being investigated, cells inhibition of the luminal sodium channel. The addition
of amiloride to the Krebs solution bathing the basolateraltreated with inhibitor were matched with an untreated
control. Significance was calculated using the Students side of M-1 cell monolayers produced an opposite effect
on [Ca21]i, as was seen for apical addition of the diuretic.unpaired t-test.
Under these conditions, basolateral amiloride produced
an increase in from 180 6 32 to 720 6 50 nmol/L (N 5
RESULTS
6). At a concentration of 1 mmol/L, amiloride is also a
Source of [Ca21]i in M-1 cells blocker of Na1/Ca21 exchange, and these nonspecific
effects of the diuretic could explain the rise in calcium.Evidence for a luminal Ca21 entry pathway in M-1 cells.
To examine the effects of external calcium on [Ca21]i, Aldosterone action on [Ca21]i. Aldosterone, at a con-
centration of 1 nmol/L, produced a rapid, transient peakM-1 monolayers were first incubated for 10 minutes in
a nominally Ca21-free medium on the luminal side, with increase in [Ca21]i from 132 6 25 to 499 6 82 nmol/L
(mean increase in [Ca21]i 5 367 6 75 nmol/L, N 5 9,calcium present in the basolateral solution. A subsequent
addition of 1 mmol/L CaCl2 to the luminal side produced P , 0.001) in M-1 cell monolayers. This dose of aldoste-
rone was sufficient to produce a maximal increase ina significant yet transient increase in intracellular calcium
([Ca21]i changed from 29 6 9 to 189 6 66 nmol/L; [Ca21]i. The mean half-maximal response was produced
at 0.1 nmol/L aldosterone, and the minimum concentra-D[Ca21]i 5 160 6 64 nmol/L, N 5 5, P , 0.05). This in-
crease in [Ca21]i was inhibited when verapamil (10 mmol/L) tion of hormone required to produce a significant rise
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Fig. 1. Representative Fura-2 spectrofluorescence recording of the in-
crease in intracellular calcium stimulated by 1 nmol/L aldosterone (Aldo)
in confluent M-1 cell monolayers (d). This increase was completely
inhibited by pretreatment (15 min) with the protein kinase C inhibitor
chelerythrine chloride (j).
in [Ca21]i was 0.08 nmol/L. A typical experiment is shown Fig. 2. Effect of aldosterone (1 nmol/L) on Ca21 in M-1 cells in the
in Figure 1. The aldosterone response was characterized presence of inhibitors of the genomic pathway, actinomycin D and spiro-
nolactone, and the protein kinase C (PKC) inhibitor chelerythrine chlo-by a latency period of one to two minutes, which may be
ride. Note that the PKC activator, phorbol myristyl acetate (PMA),indicative of receptor binding or a response that occurs produced a similar Ca21 response to aldosterone.
secondarily to a primary signal, such as PKC.
The aldosterone effect was abolished under nominally
Ca21-free conditions only when calcium was removed
mycin D did not affect intracellular calcium levels. Thefrom the luminal side. Under the latter conditions, aldo-
rapid increase in [Ca21]i induced by aldosterone was alsosterone produced a nonsignificant change in baseline
unaffected by pretreatment with the specific mineralocorti-[Ca21]i levels from 90 6 7 to 114 6 10 nmol/L, represent-
coid type I receptor antagonist spironolactone (10 mmol/L).ing a mean change in [Ca21]i of 24 6 4 nmol/L (N 5 6,
Aldosterone in the presence of spironolactone inducedP , 0.01). The removal of calcium from the basolateral
a rise in [Ca21]i from 115 6 20 to 332 6 67 nmol/Lside did not significantly attenuate the [Ca21]i response to
(D[Ca21]i 5 217 6 54 nmol/L, N 5 8, P , 0.001). Thishormone. Pretreatment of M-1 cells with TG (10 mmol/L)
increase in [Ca21]i was not significantly different fromcaused a 75% reduced calcium response to aldosterone
(N 5 6), indicating that the response requires release the aldosterone control response (P , 0.133).
Effect of protein kinase C inhibition. Pretreatmentfrom an intracellular stores. Since exposure to an exter-
nal calcium-free solution for one second prior to aldoste- with the specific PKC inhibitor chelerythrine chloride
(1 mmol/L) completely abolished the aldosterone-inducedrone abolished the response, the data indicate that aldo-
sterone-induced calcium release from intracellular stores rise in [Ca21]i (Fig. 1). In the presence of chelerythrine
chloride, aldosterone addition resulted in an increase inis indirect via a calcium entry-induced calcium release
mechanism. [Ca21]i from 130 6 13 to 144 6 11 nmol/L (D[Ca21]i 5
14 6 11 nmol/L, N 5 6, P 5 0.375). The aldosteroneEffects of actinomycin D and spironolactone. In the
presence of actinomycin D (10 mmol/L), which inhibits response in the presence of the PKC inhibitor was sig-
nificantly different from control responses (P , 0.005).gene transcription, aldosterone also induced a calcium
transient (Fig. 2) from a baseline [Ca21]i of 104 6 31 to These data indicate that aldosterone increased intracel-
lular calcium in M-1 cells by first activating PKC. In419 6 44 nmol/L (D[Ca21]i 5 315 6 56 nmol/L, N 5 5,
P , 0.0005). This increase was not significantly different agreement with this conclusion, direct activation of PKC
with the phorbol ester phorbol myristyl acetate (PMA;from the aldosterone control response (P , 0.643). Actino-
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Sex steroids. The estrogen analogue 17b-estradiol at
a concentration of 10 nmol/L raised [Ca21]i significantly
from a baseline level of 120 6 12 to 320 6 53 nmol/L
(D[Ca21]i 5 200 6 44, N 5 7, P , 0.005). Another female
sex steroid, progesterone (10 nmol/L), also generated a
significant increase in [Ca21]i from 114 6 24 to 332 6 42
nmol/L (D[Ca21]i 5 188 6 23, N 5 4, P , 0.01). Estradiol
and progesterone failed to produce a significant rise in
[Ca21]i under nominally Ca21-free conditions. In the pres-
ence of zero external calcium, estradiol addition resulted
in a slight increase in [Ca21]i from 50 6 8 to 69 6 13
nmol/L (D[Ca21]i 5 19 6 6, N 5 4, P 5 0.27), whereas
progesterone addition produced an insignificant increase
in [Ca21]i from 59 6 7 to 62 6 6 nmol/L (D[Ca21]i 5
6 6 2, N 5 8, P 5 0.69).
Responses to 17b-estradiol and progesterone were
prevented by pretreatment (15 min) with the PKC inhibi-
tor chelerythrine chloride (1 mmol/L). Estradiol in the
presence of chelerythrine chloride induced an increase
in [Ca21]i from 112 6 11 to 121 6 10 nmol/L (D[Ca21]i 5
14 6 2, N 5 8, P 5 0.518). Similarly, progesterone in
the presence of chelerythrine chloride induced an insig-
nificant increase in [Ca21]i from 93 6 11 to 101 6 10Fig. 3. Steroid hormone effects on intracellular calcium in confluent
M-1 cells. Aldosterone (1 nmol/L) induced a rapid increase in [Ca21]i nmol/L (D[Ca21]i 5 8 6 2, N 5 8, P 5 0.63). Therefore,
that was significantly different from that produced by dexamethasone like aldosterone, the Ca21 signal transduction pathway
(10 mmol/L), 17b-estradiol (10 nmol/L), or progesterone (10 nmol/L).
for estradiol and progesterone appears to involve PKC.Hydrocortisone failed to increase [Ca21]i significantly even at a concen-
tration of 10 mmol/L.
DISCUSSION
Aldosterone is the most important mineralocorticoid100 nmol/L) induced an increase in [Ca21]i from 137 6 released from the adrenal glands. It regulates solute re-33 to 407 6 67 nmol/L (D[Ca21]i 5 269 6 44 nmol/L, N 5 absorption, acting in a delayed manner to influence ion7, P , 0.005).
transport across tight junction epithelia such as distalThe increases in intracellular calcium following the
nephron and colon. The classic mechanism of aldoste-addition of aldosterone, in the presence or absence of
rone stimulation of Na1 reabsorption involves the activa-specific inhibitors, are summarized in Figure 2. Inhibitors
tion of a genomic pathway. It is well documented thatof the classic genomic pathway for steroid action have
aldosterone binds to a cytosolic MR, which is spironolac-little or no effect on the aldosterone response, indicating
tone sensitive. The active hormone-receptor complexa nonclassic pathway. PKC inhibition abolishes the re-
translocates to the nucleus, where it binds to hormone-sponse, and activation of the PKC pathway is capable
responsive elements in the genome and initiates the pro-of increasing [Ca21]i in the M-1 cell line, similar to that
duction of mRNA, which is later translated into newobserved with aldosterone.
proteins, termed aldosterone-induced proteins (AIPs).Rapid Ca21 responses to other steroid hormones. The
These proteins are released into the cytoplasm, whereeffects of other salt-retaining steroid hormones on intra-
they may be relocated to the apical border and act tocellular Ca21 were compared with the aldosterone re-
alter membrane permeability. Several theories exist assponse (Fig. 3).
to how aldosterone increases apical Na1 reabsorption,Glucocorticoids. Dexamethasone (10 mmol/L) induced
and some have proposed that the AIPs themselves area transient increase in [Ca21]i that was smaller in magni-
newly synthesized Na1 channels, while others argue thattude than the response observed following aldosterone
these proteins act at a site close to the channel proteinaddition. Dexamethasone increased [Ca21]i from 27 6 9
and induce a conformational change of the channels [17].to 211 6 57 nmol/L (D[Ca21]i 5 185 6 55, N 5 4, P ,
In recent years, a new model for aldosterone action0.05). Another glucocorticoid hormone, hydrocortisone,
in target epithelia, which introduces a novel specificity-had no significant effect on [Ca21]i, even at micromolar
conferring mechanism for mineralocorticoid action onconcentrations. Hydrocortisone changed [Ca21]i from
epithelial ion transport via protein kinase and calcium89 6 10 to 108 6 6 nmol/L (D[Ca21]i 5 20 6 7, N 5 6,
P 5 0.14). signaling has been postulated [2]. In this system of rapid,
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Fig. 4. Cortical collecting duct (CCD) cell
model of signals involved in the nongenomic
pathway for steroid hormone action. Aldoste-
rone binds to cytosolic or membrane-associ-
ated elements that may include PKC or a spi-
ronolactone-insensitive “receptor” to induce
a nongenomic rise in intracellular calcium via
a PKC-sensitive luminal entry of calcium and
calcium release from intracellular stores. The
calcium-kinase complex activates basolateral
Na/H exchange, and the resultant intracellular
alkalinization activates basolateral K1 chan-
nels. The increased K1 conductance primes
the cell for the later genomic up-regulation of
sodium absorption.
nongenomic steroid action, aldosterone selectively tar- volving Ca21, PKC-a, arachidonic acid metabolism, and a
pertussis-sensitive G-protein activation [15]. If the rapidgets basolateral Na1/H1 exchange and K1 channels (Fig.
4). In the distal colon, for example, aldosterone rapidly effects of aldosterone on Na/H exchange are prevented,
then the hormone fails to activate the K-ATP channelup-regulates a K-ATP class channel necessary for sodium
absorption while down-regulating a K-Ca channel re- or inhibit the K-Ca channel [2]. These K1 channels show
opposite pH sensitivity [2, 23], and it is possible that anquired for chloride secretion [2, 16]. Thus, the physiologi-
cal role of the rapid nongenomic response to aldosterone intracellular alkalinization alone can explain the differ-
ent effects of aldosterone on these channels in differentis to shift a pluripotential epithelium into a net absorptive
transport mode. These rapid nongenomic actions are cell types in a pluripotential epithelium containing ab-
sorptive (surface) cells and secretory (crypt) cells. Aunaffected by inhibitors of the type I MR or of protein
synthesis (nongenomic) and show a high selectivity for direct effect of the protein kinase on channel opening
may also be involved in the early response.aldosterone over cortisol. This model offers an additional
explanation for the clinical evidence for differential ef- A rapid calcium transient is a common feature of the
nongenomic aldosterone response in colon and sweatfects of glucocorticoids and mineralocorticoids in Na1
homeostasis. gland. In this study, we have shown evidence for a lumi-
nal calcium entry pathway in mouse collecting duct M-1There is increasing evidence for a rapid action of aldo-
sterone on renal Na1/H1 exchange. In amphibian renal cells, which is stimulated by aldosterone. The reintroduc-
tion of calcium into a previous calcium-free bathing solu-tubule, aldosterone produced a spironolactone-sensitive
activation of Na/H exchange [18], which reflects an alka- tion caused a rapid rise in Ca21i. Also, these cells have
the capacity to mobilize calcium from intracellular stores,line shift in the exchanger’s set point of activation [19],
but these effects may be part of the classic genomic effect most likely an IP3-sensitive pool. Inhibitors of sodium
reabsorption were also shown to affect intracellular cal-requiring new protein synthesis [20]. In Madin Darby
canine kidney cells, a rapid response to aldosterone on cium. The removal of external sodium from the basolat-
eral side produced a transient rise in calcium, possiblypHi regulation and Na1/H1 exchange has been reported
[21], which appears to be secondarily dependent on a mediated by reversal of a Na1/Ca21 exchanger, whereas
removal of sodium from the luminal side caused a fallrapid nongenomic action of aldosterone to stimulate a
plasma membrane proton conductance [22]. In human in intracellular calcium. Likewise, the sodium transport
inhibitor amiloride had the opposite effects on calcium,and rat distal colon and human sweat gland, aldosterone
produces a rapid (within ,5 sec) activation of basolateral depending on its side of addition. Exposure of mono-
layers to apical amiloride caused a rapid and sustainedN/H exchange [3, 15]. This activation appears to be the
result of pleiotropic convergent signaling pathways in- fall in calcium. This effect may be due to an increased
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driving force for Na1/Ca21 exchange following a reduc- K1 conductance would serve to limit membrane depolar-
ization resulting from chronic aldosterone effects on Na1tion in intracellular sodium concentration (as a result
of inhibition of Na1 uptake through ENaC). When the reabsorption [23].
Protein kinase C may play a role in rapid activationdiuretic was added on the basolateral side, however, a
transient increase in calcium was observed. Amiloride is of Na1/H1 exchange by aldosterone. Serine kinases are
important regulators of Na1/H1 exchange, and proteinalso known to inhibit Na1/Ca21 exchange at micromolar
concentrations, and this latter effect may account for the kinases are involved in activating Na1/H1 exchange by
prostaglandins in renal proximal cells [27, 28]. Short-rise in calcium observed where the basolateral mem-
brane is exposed to the diuretic. term activation of PKC leads to a transient increase in
Na1/H1 exchange activity independent of transcriptionThe relatively fast action of aldosterone on intracellu-
lar Ca21 signaling in mouse CCD cells is incompatible and translation, whereas long-term activation causes a
persistent increase in activity that is dependent on thesewith the classic view of mineralocorticoid hormone ac-
tion in renal epithelia for the following reasons: (1) Aldo- processes and associated with increased mRNANa/H. This
effect may mediate increased Na1/H1 exchanger activitysterone produced a rapid transient peak increase in
[Ca21]i. (2) The response was abolished in the absence in chronic conditions such as acidosis or K1 deficiency.
In the distal colon, the activation of PKC with phorbolof Ca21 in the extracellular solution, indicating that the
rise in [Ca21]i requires entry of Ca21 from the external esters stimulates Na1/H1 exchange [15]. Recent work
in our laboratory has shown that aldosterone rapidlyenvironment. (3) Pretreatment with spironolactone or
actinomycin D failed to abolish the aldosterone effect, activates the PKC-a isoform in rat colon. In our experi-
ments here, we found that specific inhibition of PKCindicating a nonclassic pathway. (4) Pretreatment with
chelerythrine chloride, a PKC inhibitor, completely in- completely prevents the rapid aldosterone effect on
[Ca21]i in M-1 cells. Together, these results suggest thathibited the induction of the calcium response, providing
evidence that PKC is involved in this nonclassic increase activation of PKC is a key step in the signal transduction
of the rapid aldosterone effect in epithelia.in [Ca21]i. (5) The phorbol ester PMA induced a calcium
transient of similar magnitude to aldosterone, indicating The physiological significance of a nongenomic effect
of aldosterone is underlined by the low concentrations ofthat PKC can mediate fast increases in [Ca21]i. The rapid
effects of aldosterone to increase cytosolic calcium are hormone required for the rapid calcium response effects,
which concur with the physiological concentration ofdifficult to reconcile with previous reports suggesting
that chronic increases in [Ca21]i and PKC down-regulate free aldosterone (0.1 nmol/L). Inhibition of aldosterone
action is important in the treatment of disturbances inapical Na1 channels [(abstract; Palmer et al, Fed Proc
46:495, 1987); 23–25]. However, there is evidence for a extracellular fluid (ECF) balance, for example, hyperten-
sion, heart failure. The type I MR antagonist spironolac-role of Ca21 in mediating the latent genomic aldosterone
response of enhanced sodium absorption in renal A6 tone is used pharmacologically to inhibit aldosterone
action, but is much less effective at reducing hyperten-cells (abstract; Petzel et al, Kidney Int 37:358, 1990). The
temporal coincidence of the increases in Ca21, IP3, and sion and ECF volume than angiotensin-converting en-
zyme (ACE) inhibitors or angiotensin II receptor antag-Isc and the apparent dependence of both the Ca21 tran-
sient and Isc on transcriptional and translational pro- onists. This may be due to the effects of angiotensin II
on vascular smooth muscle and salt-absorbing epithelia,cesses would seem to indicate a causal relationship [26].
In tight epithelia in which the rapid effects of aldoste- but may also be explained by the existence of two classes
of aldosterone receptor. There are a number of steps inrone have been identified, the transport target appears to
be the Na1/H1 exchanger and K1 channel activity [2, 14, the rapid nongenomic aldosterone pathway that may
serve as targets for pharmacological manipulation. Spe-18, 19]. Thus, aldosterone may have a rapid action to en-
hance pHi regulation and affects sodium absorption indi- cific inhibition of aldosterone binding to the unidentified
nongenomic receptor may be a means of controlling therectly via modulation of pHi-sensitive transport pathways
(Fig. 4). In the case of stimulation of Na1/H1 exchange, rapid aldosterone effect and may be an important target
in controlling blood volume and pressure. This could bethe resultant intracellular alkalinization can up-regulate
K1 conductance [14]. An enhanced K1 conductance the basis of the development of a novel mineralocorti-
coid receptor antagonist with potential new strategieswould serve to limit membrane depolarization resulting
from chronic aldosterone effects on Na1 reabsorption. for treatment of human cardiovascular disease. Also, the
specific inhibition of PKC isoforms may control nonge-Thus, the nongenomic phase of aldosterone on Ca21/
PKC, Na1/H1 exchange, and K1 conductance may serve nomic effects.
The rapid estradiol response may involve a similarto prime the CCD to maintain membrane potential close
to the K1 equilibrium potential and ensure a favorable mechanism to that of aldosterone, independent of pro-
tein synthesis and involving PKC. The renal estrogenelectrochemical membrane potential driving force for
genomic effects on Na1 uptake (Fig. 4). An enhanced receptor may be a substrate for PKC, and its properties
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